This paper examines the radiation profiles and corresponding ionization source profiles of various carbon and main plasma ions in matched helium and deuterium L-mode plasmas in JET. Operation in helium should reduce chemical sputtering of carbon substantially compared with deuterium. The radiation intensities from C1+, C2+ and C3+ in the helium plasmas showed reduction by factors of 8, 10 and 25 respectively along the inner SOL and divertor leg compared with the deuterium cases.
INTRODUCTION
In tokamaks operated with graphite walls and deuterium plasmas, carbon impurities play a significant role in the radiation distribution and power balance for the Scrape-Off-Layer (SOL) and divertor plasmas. One way to substantially change the carbon effects in the divertor, for comparison against predictive theories, is to change the working gas from deuterium (D) to helium (He). In helium plasmas the source of carbon due to chemical sputtering is expected to be small and the cross sections for charge exchange and ionization are different so the divertor conditions should change substantially, thereby testing the models.
Helium plasma discharges with helium neutral beam injection and operating conditions matched to previous deuterium discharges were obtained in a recent EFDA-JET campaign. Carbon, deuterium and helium visible emission data from fixed views of the divertor and VUV emission data from a poloidally scanning view of the inner and outer SOLs and the divertor show significant differences by region between helium and deuterium plasma operation. This paper focuses on a comparison of radiation profiles and implied carbon source rates in matched L-mode deuterium and helium plasmas in a JET high clearance equilibrium shape. The responses of the source rates in helium plasmas as functions of injected power and plasma density are also examined.
DESCRIPTION OF EXPERIMENTS
The matched helium and deuterium plasmas for this study used a JET high clearance equilibrium shape, Fig.1 . Vertical sweeps of the divertor strikepoints were done to provide detailed profiles of plasma parameters in the divertor from target Langmuir probes, IRTV and bolometers. Basic operational parameters were: major radius, R = 2.9m, minor radius, a = 0.9m, elongation, k = 1.7, plasma current, Ip = 2.4MA, toroidal field, B T = 2.4T, and safety factor, q 95 = 2.7. Time histories of injected neutral beam power, line averaged density, plasma effective charge and divertor strikepoint positions are shown in Fig.2 for the four L-mode discharges used in this paper.
In the helium and deuterium plasmas that nearly match, P nb ~ 2.4 -3.2MW and n e = 3.6 x 10 20 m -3
.
One of the other helium discharges had higher power, P nb = 5.4 MW at comparable density and the final helium discharge had higher density, n e = 7.0 x 10 20 m -3 at comparable power.
The primary diagnostics measurements used for the poloidal profile analysis are UV CIV and He II from a vertically viewing scanning VUV spectrometer (KT1) and visible CII from a vertically viewing camera (KL2C). Both of these diagnostics view the plasma from the top with wide views of the divertor and part of the SOL regions. For the helium discharges the two detectors of the KT1 instrument were set to the 31.2nm CIV line and the 3 rd order (91.1nm) of the 30.3nm He II line. In the deuterium plasma KT1 also gives information on CIV. The KL2C camera measures intensity of the 658nm visible CII line for all of the discharges considered here. Finally, calibrated measurements of 465nm CIII emission from wide angle chords viewing horizontally at the midplane and vertically into the inner and outer divertor regions are available from the KS3 spectrometer for all of the discharges.
ANALYSIS
Visible and UV emission profile data from the vertical views of the divertor and SOL showed significant reductions in carbon emission in the inner divertor and SOL helium compared with deuterium plasma operation but less change in the outer divertor. An example of the differences in CIII visible emission is shown in Fig. 3 . For the matched discharges at 57.5s when the densities are comparable, the carbon emission in He plasma in the outer divertor leg is only about a factor of 2 lower than in the D plasma.
However the emission is significantly lower in helium for the inner leg (factor of 10) and the midplane SOL (factor of 12) than in deuterium. At higher power in helium the CIII emission in theouter leg increased to the level of the deuterium plasma but the emission in the inner leg and at the midplane was still much lower (factors of 3 and 5 respectively) than in deuterium. Finally at comparable power but higher density in helium the CIII decreased to low values in all views.
UEDGE MODELING
To quantify the differences in carbon behavior between helium and deuterium plasmas in terms of sources the UEDGE fluid plasma code [1] was used to calculate an average photon efficiency, S/XB, for the measured wavelengths and lines of sight of several of the diagnostics. In each UEDGE simulation the plasma consisted of a combination of deuterium ions and neutrals, 2 charge states of helium ions plus neutrals, and 6 charges states of carbon ions plus neutrals. Consistent with measurements a 2% helium impurity was assumed for the deuterium simulation and a 2% deuterium impurity was used in the helium cases. A diffusive fluid model was used for the neutrals. For deuterium the full set of fluid equations was solved including ion continuity and parallel momentum equations with classical parallel and anomalous perpendicular viscosities. For the helium and carbon ions only a simplified equation balancing pressure gradient, friction, electrostatic and temperature gradient forces was solved Here s is the coordinate along the field line, p is the total pressure, v_D is the deuterium ion velocity, τ S is the Spitzer collision time, Z is the impurity ion charge, E the parallel electric field and α e and β i are constants of order Z 2 . Deuterium charge exchange effects were included but no model of helium charge exchange was available. Models for both physical and chemical sputtering of carbon by deuterium and helium were used [2] . Uniform poloidal transport coefficients were D = 0.35 and X=0.70 m 2 /s for particles and energy respectively. Simulations with these coefficients produced good matches with measured upstream radial profiles of density and temperature ( Fig. 4 ). Reasonably good matches between the target profiles of J sat , ne and Te measured by the probes and the simulation profiles were obtained by adjusting the local recycling coefficients for ions and neutrals independently at the inner and outer target plates ( Fig.5 ). For the purpose of calculating a credible S/XB to use with the emission measurements this was the easiest way to get the simulation solutions to nearly match the in-out asymmetry of the downstream measurements. The largest difference between simulation and target measurements was in the helium cases where the simulation tended to overestimate the temperature near the inner target plate by up to a factor of 2 compared with the probe measurements. This will tend to overestimate the S/XB value in the inner divertor by comparable factors for the helium cases so that the source rates inferred from the emission measurements should be interpreted as upper limits in the inner divertor. Finally, since the plates should saturated a better model would use unity recycling on all targets. There are indications that combining this with the UEDGE model for poloidal particle drifts due to ion ∇B and E x B effects [3] may help the simulations match the in-out asymmetry of the measurements; work on these simulations is in progress. τ S 1 n F total (ν D -ν) dp ds + + ZeE + α e m = dT e ds + β i = 0 dT i ds source in the inner divertor is a factor of 4 and the reduction in the source of C3+ is more than a factor of 12 throughout the divertor region. The C1+ source in the outer divertor region is comparable in helium and deuterium. These data indicate that the carbon sources from the inner divertor region, or perhaps the main chamber wall outside the spectrometer views, are more important for determining the source of the high charge states of carbon that get into the core plasma than the source in the outer divertor leg.
COMPARISON OF CARBON SOURCE RATES
Comparisons of the emission profiles in helium plasmas as functions of injected power and density show that increasing the power increased the carbon and helium source rates in the divertor; in contrast, increasing the density decreased the carbon production in the divertor and increased the helium sources in the SOL outside the divertor. The C1+ and C3+ data are shown in Fig.7 and the He 1+ data are shown in Fig.8 . When the injected power was increased at constant density the emission of CII increased in both divertor legs and the inferred source rate of C1+ increased in the outer divertor (Figs.7(a),(b). The CIV radiation increased in both divertors and the C3+ source increased, primarily in the outer divertor (Figs.7 (c),(d). The He 1+ emission and source increased slightly in the divertors (Fig.8 ). However, when the density of the plasma was increased at constant power the CII emission decreased in both divertors and the inferred source of C1+ decreased dramatically in the outer divertor. The CIV emission actually increased slightly in this case and the inferred C3+ source rate was comparable with the lower density discharge. Again, these data show that the source rate of low charge states of carbon in the outer divertor was not the dominant source for setting the source level of high charge states of carbon that may get into the core.
The responses of HeII emission and inferred He1+ source rates to power and density variations indicated that the baseline and higher power cases had effective helium recycling in the divertor but the helium ionization source moved outside the divertor in the higher density discharge. The He II emission and He 1+ source increased slightly in the divertors for the higher power discharge ( Fig. 8) with little change seen in the inner or outer SOL. At higher density, the HeII emission and He 1+ source decreased in the divertors but increased by factors of 3 in both the inner and outer SOL regions outside the divertors. This indicates that substantial escape of helium neutrals occurred in the high density case compared with the two discharges at lower density.
DISCUSSION
Taken together the differences in carbon emission between helium and deuterium plasmas are consistent with a model of carbon production in which: 1) the dominant source in helium plasmas is ion physical sputtering, and 2) multiple sources (eg. ion and neutral physical sputtering, chemical sputtering) all play a role in deuterium plasmas with the dominant source mechanism and location depending on the divertor operating conditions. Comparable C1+ source rates in the outer divertor for the matched helium and deuterium discharges is consistent with the expected ion physical sputtering in the attached outer divertor leg. The variation of C1+ source with power in helium plasmas is also consistent with this model. Helium emission and source rates as a function of power confirm that the outer divertor is in an attached, high recycling condition for the baseline helium discharge. The large reduction of C1+ source in the inner divertor of the helium plasmas compared with deuterium and the insensitivity of this source to power or density variations is consistent with a chemical sputtering mechanism for this source in deuterium that is eliminated in helium. Since the inner divertor is likely detached in these moderate power L-mode plasmas the plasma conditions would not be expected to produce much physical sputtering but would be expected to produce large chemical sputtering yields in deuterium. Finally, the fact that when the density is increased in helium the C1+ source in the outer divertor is significantly reduced is consistent with the expected reduction in outer divertor plasma temperature and ion physical sputtering as detachment is approached. The HeII emission and He1+ source response to density increase also indicated loss of the attached, high recycling condition for the high density plasma.
Finally, the comparisons in this study seem to indicate that the carbon source in the hot attached outer divertor is not the source that determines the source of high ionization states of carbon which eventually increase the impurity level of the core plasma. Instead, carbon sources from the inner divertor or the main chamber may dominate the source to the core. In deuterium these sources can be large due to chemical sputtering mechanisms. In helium the chemistry is eliminated and the ionization source of the C3+ charge state is significantly reduced. ) and (c) plasma effective charge, Z eff , for the deuterium discharge (50414 -blue), the matched helium plasma (53981 -red), and helium pulses at higher power (53982 -green) and density (53984 -magenta). 
